We have developed a whole-mount histochemical method to monitor the distribution of expressed genes within the intact, developing vertebrate embryo. Background problems that result from alkaline phosphataseor horseradish peroxidase-based stains have been minimized, enabling both early and late stages ofxenopus embryogenesis to be monitored. The feasibility and utility of this non-isotopic method has been demonstrated by using a specific DNA probe to localize Xenopus lam> Type II collagen mRNA expression to areas surrounding the vacuoles of the notochord in Stage 30 embryos. Expression expands by Stage 41142 to form a visually striking distribution pattern that includes a variety of chondrogenic tissues such as the vertebrae, otocysts, man-
Introduction
The ability to localize expression ofa specific RNA or protein within the three-dimensional spatial arrangement of the embryo can complement and in some cases expand on knowledge gained from thin sections derived from the embryo. For example, visualizing the discrete boundaries and interrelationships in expression of Drosophr/a segmentation genes in the intact embryo has directly influenced models of its morphogenesis (Scott, 1988) .
Attempts to bring whole-embryo analyses to fruition in vertebrates have confronted a number of methodological problems. However, four recent developments have contributed to the feasibility of attempting whole-embryo analysis of target RNA in Xenopus laevis, where organogenesis is extraordinarily well characterized: (a) the availability of sensitive, non-isotopic probes; (b) the high resolution established in Dmsoph& whole-mounts using such non-isotopic techniques (Tautz and Pfeifle, 1989) ; (c) the development of a suitable yolk-clearing solution for Xenopus; and (d) tein targets in Xenopus (Dent et al., 1989; Hemmati-Brivanlou and Harland, 1989) . Nevertheless, problems of sensitivity with histochemical visualization remain, owing to the endogenous intestinal alkaline phosphatase that appears during later stages of development (e.g., see Vize et al., 1990) , and to nonspecific interactions by horseradish peroxidase with the embryo (e.g., see Wright et al., 1990; Dent et al., 1989) .
We describe a method to visualize target RNA in intact Xenopus embryos that takes advantage of these recent developments and minimizes some of the shortcomings of the two widely used histochemical stains. In the initial tests of this method, we have successfully detected transcripts from the Xenopus Type I1 collagen gene ( Su et al., 1991) . Collagen is an essential component of the extracellular matrix and plays a major role in vertebrate morphogenesis, in terms both of contributing to the integrity of the early embryo and of providing structural support for dwelopmentally important cell-cell interactions. Xenopus Type I1 collagen is a cartilage-specific component that has been recently analyzed in terms of its onset of expression and regional localization during early Xenopus development (Suet al., 1991) . Type I1 collagen mRNA is expressed at the beginning of the neurula stage and begins a dynamic pattern of expression at a variety of locations throughout embryogenesis. The whole-mount method we describe reveals the spatial arrangements of its expression with high resolution, and in the process demonstrates both the feasibility and sensitivity of the method at both early and late stages of embryogenesis.
160 Tungsten film. Stained embryos were embedded in paraffin, serially sectioned (10 pm), and mounted in Polyclear.
Materials and Methods
Adult Xenopus laevis were obtained from Xenopus I (Ann Arbor, MI). Unfertilized eggs were generated, fertilized, and staged as previously described (Bieker and Yazdani-Buicky, 1992) . Proteinase K, digoxygenin-dUTP and anti-digoxygenin antibodies were from Boehringer (Indianapolis, IN). Vectastain Kit 11, biotinylated anti-sheep antibodies, and avidin-biotin COUpled to horseradish peroxidase (ABC Elite Kit) were from Vector Laboratories (Burlingame, CA). Chemicals and substrates were from Sigma (St Louis, MO). The 700 BP HindIII/EcoRI insert from pF"ll9/XLC [derived from the 3' end of the Xenopus Type I1 pro-collagen cDNA clone (Su et al., 1991)] was isolated using Geneclean (BiolOl; LaJolla, CA) after agarose gel electrophoresis and was labeled with digoxygenin dUTP by random hexamer priming (Feinberg and Vogelstein, 1984) as recommended by the manufacturer.
Whole-mount Immunocytochemical Technique. The final protocol is a hybrid of fixation and bleaching methods developed for Xenopus embryos (Dent et al., 1989; Hemmati-Brivanlou and Harland, 1989) , and rehydration, protease treatment, hybridization, and wash protocols developed for Drosophila whole-mounts (Tautz and Pfeifle, 1989) . All aqueous components were treated with diethylpyrocarbonate. "Early" is operationally defined as those stages at which the endogenous, levamisole-resistant intestinal alkalinephosphatase is not yet expressed at levels that yield significant background staining when tested with the appropriate colorimetric substrates. This corresponded to developmental times before Stage 33/ 34. Selected "early" embryos were fixed for 2 hr at room temperature in M buffer (100 mM MOPS, pH 7.4, 2 mM EGTA, 1 mM MgS04) plus 3.7% formaldehyde, followed by post-fixation in methanol and storage at -20°C. Bleaching was performed with 10% hydrogen peroxide in fixative for 48 hr at room temperature. "Late" stage embryos were additionally fixed for 1 hr at room temperature in a 7:l mix of ethano1:glacial acetic acid, followed by extensive washes in ethanol and final storage in methanol.
After rinsing with 90% methanol + 50 mM EGTA, embryos were equilibrated (in a stepwise manner) to PBTw buffer (1.85 mM NaH2P04, 8.5 mM Na2HP04, pH 7.4, 175 mM NaCl, 0.1% Tween-20), treated with 10 Fglml proteinase K for 20 min at room temperature, washed, re-fixed, and finally washed extensively with PBTw. Samples were gradually stepped to 50% deionized formamide in 1 x HYB (5 x SSC, 100 pglml denatured single-stranded DNA, 50 pglml heparin, 100 pglml tRNA, 0.1% Tween-20) at room temperature, equilibrated to 45'C, and incubated with or without 100 nglml of digoxygenin-labeled probe for 20 hr. After a graded equilibration to 2 x SSC (at 45'C), a high-stringency wash in 0.2 x SSC was performed for 20 min at a temperature no higher than 55'C. Embryos were then serially equilibrated to PBTw at room temperature.
To avoid the use of serum as a blocking reagent, stock solutions of all antibodies (at 1:100-1:1000 dilution) were pre-absorbed overnight at 4'C to fixed, proteinase K-treated embryos in PBTw.
Embryos were equilibrated at 4°C in PBTw and incubated overnight with 1:50,000 dilution (final) of pre-absorbed alkaline phosphataseconjugated anti-digoxygenin antibody. After multiple washes with excess PBTw at room temperature over a period of at least 6 hr, embryos were equilibrated with 100 mM %is, pH 9.5, 50 mM MgCI2, 1 mM levamisole, and then treated either with Vectastain Kit I1 or with 300 pg/ml nitroblue tetrazolium + 165 pglml bromo-chloro-indolylphosphate (NBT/BCIP).
Color development was allowed to proceed in the dark (usually for 1 hr or less) and was stopped by the addition of PBTw or methanol. Clearing was performed with Murray's solution ( 2 3 mix of benzyl benzoate:bentyl alcohol) after a short incubation in methanol. Photographs were taken with a Nikon SMZ-10 microscopelHFZ camera using Kodak Ektachrome Type
Results and Discussion
A number of parameters are important to the success of this protocol. First, the acidlethanol fixation step is essential for successful monitoring of mRNA in embryos beyond Stage 33/34. This step successfully precludes endogenous background staining that arises due to a levamisole-resistant intestinal alkaline phosphatase. Sec: ond, appropriate dilutions of antibodies need to be determined to optimize the signal-to-noise ratio. Third, pre-adsorption of antibody is required, since the protocol purposely avoids the use of serum so as to minimize introduction of ribonucleases to the system.
To test the procedure, we probed Type I1 collagen mRNA expression in Stage 30 embryos. Previous studies have shown that these transcripts are first detected in Stage 14 embryos, and that Type I1 collagen protein is localized to the notochord and developing vertebrae in Stage 31 embryos (Su et al., 1991) . We asked if the RNA was similarly localized at this stage of development. Figure  la demonstrates that, consistent with the protein accumulation, Type I1 collagen mRNA is specifically localized to the same region, i.e., to the notochordal rod, and that a mock-treated (i.e., not probed) embryo displays little if any signal. Treatment with clearing solution (Figure 1b ) reveals a remarkable resolution of signal, such that vacuolar structures (Adams et al., 1990 ) are now apparent, leaving regions resembling a "chicken-wire'' meshwork of expression visible around these open areas.
Attempts to localize Type I1 collagen mRNA expression in Stage 41 embryos were stymied by endogenous alkaline phosphatase activity that was not inhibited by levamisole (e.g., see Vize et al., 1990) , such that mock-treated embryos were stained within 30 min throughout, with highest levels in the intestine. We therefore investigated whether a horseradish peroxidase-coupled approach would avoid this problem. Horseradish peroxidase-conjugated antidigoxygenin antibodies were not as sensitive as the alkaline phosphatase-conjugated antibody in detecting digoxygenin-probed collagen DNA on dot-blots (data not shown). However, use of nonconjugated anti-digoxygenin antibodies, followed by binding of biotinylated secondary antibody and avidin-complexed horseradish peroxidase, substantially increased the sensitivity. Application of this method to whole embryos led to two problems. One problem was the presence of endogenous avidin in the embryos, such that the biotinylated secondary antibody binds nonspecifically. This problem can be completely blocked by incubating the embryos overnight with biotin before incubation with the secondary antibody. The second problem was more general, as it has been noted in other horseradish peroxidase-based procedures (Wright et al., 1990; Dent et al., 1989) , and likely involves nonspecific binding by the horseradish peroxidase itself to the embryo, possibly through endogenous lectins. To circumvent this latter problem, embryos were treated after fixation with 0.1% phenylhydrazine (Straus, 1987) in PBTw for 3 hr at room temperature, or were treated with 0.2 M methyl a-mannopyranoside overnight before avidin-horseradish peroxidase treatment.
During these latter experiments, we became aware of fixing and shows specific staining as indicated. The presence of message in the ectoderm is consistent with previous studies, although it does not produce detectable Type II collagen protein (Su et al., 1991) . The right side of the section is not intact, probably due to the fragile nature of these embryos that results from protease treatment and the many subsequent washes and incubations performed before sectioning. p, pharynx. Bars: a,b = 500 km; c = 250 pm.
staining procedures used on sections from early mouse embryos that appeared to destroy endogenous expression of intestinal akaline phosphatase (Ginsburg et al., 1990) . This was of interest because the alkaline phosphate-based procedure involves fewer steps than the aforementioned horseradish peroxidase-based method. Pilot tests using the alternate fixation procedure with mock-probed Stage 47 embryos yielded minimal endogenous alkaline phosphatase staining even after 5 hr (data not shown). Since previous work with in situ-hybridized sections at late stages of embryogenesis had already established the location of Type 11 collagen mRNA (Su et al., 1991) , we felt that any of these late stages were appropriate to stringently test the specificity of the modified method. We therefore stained Stage 41/42 embryos following the alkaline phosphatasebased procedure that contained the added acid-& step (see Materials and Methods). The results (Figures 2a and 2b) clearly revealed expression within the vertebral column and around the otocysts, periocular tissue, and chondrogenic tissue in the jaws and cranium, regions previously shown (by thin section) to express Type I1 collagen mRNA (Su et al., 1991) . In addition, the high resolution of the whole-mount method uncovered the spatial connectiveness among these regions not previously observed, e.g., how the anterior, bilateral expression at the otocysts merges at the posterior end to a single line of expression along the vertebrae. Specificity and adequate penetration of antibody and substrates was also verified by a section through the head of the already stained embryo (Figure 2c ). In summary, we have developed a non-isotopic histochemical method to visualize specific mRNA in whole-mounts of intact Xenop u s laevis embryos. We have demonstrated the utility and high resolving power of this procedure by successfully localizing expression of Xenopus Type I1 collagen mRNA within a range of chondrogenic tissues in both early-and late-stage embryos. High resolution has been demonstrated by the visualization of internal structures within the notochord. Sensitivity has been demonstrated by detection of a message that is ~20-fold less abundant than actin mRNA (Su et al., 1991) , a message recently used in the development of a whole-mount procedure that was published after we began development of our protocol (Hemmati-Brivanlou et al., 1990) . The sensitivity of our method relies on procedures that minimize background staining due to endogenous (presumably intestinal) alkaline phosphatase (see also Kiyama and Emson, 1991) , on the avoidance of serum as a blocking agent to minimize introduction of ribonucleases, and on the use of DNA probes to provide a greater stability of signal. Oligodeoxynucleotide probes can also be effectively used with this protocol (unpublished observations). We therefore feel confident that the method will successfully be used to detect varied levels of "A in normal and perturbed Xenopus embryos and also the less abundant mRNA products of nonstructural genes such as transcription factors, cytoplasmic regulators, and growth factors. In addition, this method can be readily adapted to techniques presently being used to detect endogenous enzyme activities in chick (Ginsberg and Eyal-Giladi, 1986 ) and mouse (Ginsburg et al., 1990) embryos.
